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Summary 
We have generated a site-directed transgenic (sd-tg) 
mouse model in which the Jn locus has been replaced 
with a rearranged VDJ coding for the heavy chain of 
an anti-DNA antibody. In these mice, B cells express- 
ing the anti-dsDNA specificity are negatively regu- 
lated. We observe a novel mechanism for B cell toler- 
ance, receptor editing at the heavy chain locus. In most 
sd-tg B cells, the inserted anti-DNA VH gene has been 
replaced by the upstream endogenous VH, or Dn, or 
both genes through recombination with the heptamer 
embedded at the 3’end of most Vn genes. Three types 
of recombination events have been identified: V&o- 
VW, Dn-to-VDJ, and V&o-Dw-VDJ. Analysis of the 
junctional sequences revealed features of classical 
V(D)J rearrangement, namely N sequence addition and 
nucleotide deletion. A conserved nonamer was found 
12 bp upstream of the embedded heptamer. This non- 
amer may represent a novel recombination signal se- 
quence used for VH editing. The sd-tg model thus pro- 
vides direct evidence for secondary rearrangement at 
VFD-J”. This process may play a role in tolerance by 
editing autoreactlve receptors and may also serve to 
diversify the VH repertoire. 
Introduction 
Mice with transgenes coding for antibodies specific for 
self-antigens have demonstrated two ways of regulating 
B cells, deletion and anergy (Nemazee and Burki, 1989; 
Goodnow et al., 1988). A third mechanism, receptor edit- 
ing, has recently been recognized as an alternative to di- 
rect regulation of B cells (Tiegs et al., 1993; Radic et al., 
1993; Gayet al., 1993; Chen et al., 1994). Editing achieves 
self-tolerance by revising autoreactive receptors. In anti- 
H-2k/H-2ktransgenics, editing is manifested as an increase 
in the frequency of 3L light (L) chain B cells and higher than 
normal RAG mRNA levels (Tiegs et al., 1993); in anti-DNA 
transgenics, editing is manifested by higher than average 
frequencies of JK~ (Radic et al., 1993; Chen et al., 1994). 
This bias to the last JK is thought to result from secondary 
rearrangements at the K locus, which have displaced or 
deleted VKJK genes that contribute to anti-DNA specific- 
ity. This kind of L chain editing has been formally proven 
by our recent experiments using L chain site-directed 
transgenic (sd-tg) mice in which the JK locus has been 
replaced with the VK~JK~-JK~ gene. Many B cells from 
these L chain sd-tg mice have displaced the VKAIK~ gene 
by further rearrangements involving upstream VK genes 
and the downstream JK~ segment (Luning Prak and Weig- 
ert, 1995). 
Changing receptor specificity can in principal be 
achieved by editing either at L or heavy (H) chain loci. A 
form of H chain editing has been obsenred in certain H 
chain transgenics. These transgenics bear H chain 
transgenes that dictate anti-DNA specificity regardless of 
the type of L chains with which they associate, yet these 
transgenics do not express anti-DNA (Chen et al., 1994, 
1995). The reason is that the transgene is deleted through 
intrachromosomal recombination. Following transgene 
deletion, B cells rearrange at the endogenous H locus and 
express a normat antibody repertoire. This is (of course) 
an artificial system; the natural rearranged H locus does 
not, at face value, lend itself to editing because deletion 
of the diverse (0) locus during the VDJ assembly process 
removes appropriately spaced heptamerlnonamer recom- 
bination signals. However, VH replacement by a V-to-VDJ 
rearrangement has been observed in transformed cell 
lines (Kleinfield et al., 1988; Reth et al., 1988; Kleinfield 
and Weigert, 1989). This type of rearrangement is medi- 
ated by an embedded heptamer at the 3’end of the recipi- 
ent VH segment. Since this heptamer is found in most 
mouse and human VH genes, VH replacement may be im- 
portant in vivo. 
VH replacement is difficult to identify in the diverse anti- 
body repertoire because a V-to-VDJ joint is virtually indis- 
tinguishable from an ordinary V-to-DJ joint. Conventional 
transgenic animals, while providing a B cell population 
enriched for the expression of a particular VDJ, are not 
useful for the study of replacement, as the transgene lacks 
the required upstream V genes. A rearranged VDJ can 
be placed in its proper’genetic context using the strategy 
described by Taki et al! (1993). They have exchanged the 
unrearranged DCt52J” region with a complete VDJ, 
coding for the T15 antibody specific for -pneumococcal 
C-pofysaccharide. This inserted gene undergoes second- 
ary rearrangement involving T15 VH and the upstream D,, 
genes (Taki et al., 1995). However, these recombination 
events use two heptamer-like sequences rather than the 
3’embedded heptamer. In our study, we have used the VH 
from the 3H9 antibody. This antibody arose in a diseased 
MRUlpr/lpr mouse and istypical of anti-DNAsfrom autoim- 
mune mice (Radic and Weigert, 1994). A feature.of 3H9 
antibody is that the H chain plays a dominant role in de- 
termining anti-DNA specificity. We have shown that about 
60% of mouse K chains will, in combination with the 3H9 
H chain, sustain DNA binding (Ibrahim et al., 1995). Thus, 
the 3H9 Vn alone is informative, since the majority of B 
cells that express this VDJ will be autoreactive. Indeed, 
the 3H9 transgenic shows that anti-DNA B cells are subject 
to negative selection (Erikson et al., 1991) and that anti- 
DNA receptors stimulate editing at the endogenous L 
chain loci (Radic et al., 1993; Luning Prak et al., 1994). 
Hence, the 3H9 sd-tg is ideally suited for studying the 
Immunity 
740 
A 
3W targeting 
VeCtor 
wildtypc 
DQSZ-JH-Q 
IOCUS 
3H9 
nco VDI Q HSV-TK 
*-------------------* 
6.4 Lb 
JH probe 
3H9 
nco VLM 
ltpli%Xd 
WI-JH-Cp 
1ocuS ECORI HiidllI 
*----------------------------+ 
8.3 kb 
PCRprimers b 4 b 4 
lxltaw LDlCDR3 
B & G LDICDRJ DHhO acttn 
Figure 1. Site-Directed Replacement of the JH Locus with 3H9 Vv Gene 
(A) Structure of the 3H9 targeting construct, the germline IgH locus, and the targeted lgH-3HQ locus. The 3H9 sequence includes the core VW 
region (stippfed box) and the surrounding regulatory sequences (thick line). The neo’ and HSV-f/r genes are shown as hatched boxes and the 
Cp, W52, and JH segments are represented by closed boxes. Transcriptional orientation of neo’, VH3H9, and HSV-f/r genes is indicated by arrows. 
The triangle lndtates a 3 kb deletion in the Sp region of the targeting construct. The germline and the replaced Jn loci are expected to give 6.4 
kb and 6.3 kb EcoRl restriction fragments, respectively. The positions of the JH probe and the PCR primers are shown. 
(B) Southefh blot analysis of the transfected ES clones that tested positive by D&WI PCR. The DNA was digested with EcoRl and hybridized 
with a Jn probe. The nontargeted alleles generate a 6.4 kb germline band as seen in the liver and the parental E14-1 cell DNA controls. The 
targeted alleles gave the expected 6.3 kb band. The 6.4, kb band is darker than the 6.3 kb band because the JH probe hybridizes more strongly 
to.the complete germline JH sequence (present on the wild-type allele but truncated on the targeted allele). 
(C) PCR analysis of ES cell-derived offspring. The targeted ES cell clone, E3H9-170, which contributed to the germline chimeras, is used as a 
positive control and the water is used as a negative control. The tail DNA samples of a transmitted heterozygous mouse (3H9/+) and a wild-type 
littermate (+/+) were tested by three PCR assays. The LDlCDR3 PCR tests the presence of the 3H9 gene; the Dn/neo PCR confimts the correct 
inseition of the targeting construct; the actin PCR assures the quality and quantity of the DNA in each sample. The transmitted mouse is positive 
for allthree PCRs, whereas the littermate only shows the actin band. 
extent to which editing at the l-l chain locus contributes 
to B cell tolerance: it has upstream VH genes, it has embed- 
ded heptamers’and it contributes unilaterally to the speci- 
ficity for a self-antigen. 
Geneiafion of Site-Directed lmmunoglobulln 
H’ Chain Transgenlc Mice 
The 3H9 H chain targeting vector used to replace the JH 
locus is shown in Figure 1A. The rearranged VI+ region of 
the anti-DNA antibody, 3H9,‘was joined to the Ctt gene 
and then flanked by the positive and negative selection 
marker genes neo and fk. A 1.5 kb sequence upstream 
of DQ52 was added to provide the 5’ homology. The 3H9 
targeting construct was introduced into the embryonic 
stem (ES) cells and drug-resistant colonies were screened 
for homologous recombination events by polymerase 
chain reaction (PCR) using the primers indicated in Figure 
1A. Four PCR positive colonies were analyzed by South- 
ern blot analysis and gave rise to the expected 8.3 kb 
band (Figure 1 B). The targeted ES cells were injected into 
C57BU8 blastocysts to generate chimeric mice. Progeny 
of chimeric mice were scored for germline transmission 
of the ES cell genotype by coat color. ES cell-derived 
offspring were tested for the presence of the sd-tg by PCR 
of tail DNA (Figure 1C). 
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Table 1. Characterization of Hybridomas from the 3H9 sd-tg Mice 
Hybrids 
KLH binding 
lsotype 
km 
IgG 
I@ 
DNA binding 
dsDNA 
ssDNA 
Total 
216 
115 (53%) 
52 (24%) 
154 (71%) 
10 (5%) 
6 (63%) 
60 (26%) 
3H9 tg’ 
66 (31 W) 
37 (54%) 
31 (46%) 
37 (54%) 
0 
6 (9%) 
44 (65%) 
3H9 tg- 
146 (69%) 
76 (53%) 
21 (14%) 
117 (79%) 
10 (7%) 
0 
16 (11%) 
Hybridomas were derived from spleen cells of three KLH-immunized 
sd-tg mice. Hybridomas were assigned to either the 3H9 tg+ or the 
3H9 tg- group based on the PCR analysis described in Figure 3. KLH 
binding and heavy chain isotypes were determined by a solid phase 
ELISA and DNA binding activity was tested by a solution phase ELISA 
(see Experimental Procedures). 
General Features of the 3H9 sd-tg Mice 
To determine whether the 3H9 heavy chain is expressed 
in the germline heterozygous sd-tg mice, we examined 
the sera with an anti-idiotype antibody, 1.209, specific for 
the 3H9 VH region (Gay et al., 1993). The results demon- 
strated the expression of the transgene-encoded antibody 
(data not shown). The sd-tg, as it is located in the proper 
immunoglobulin H (IgH) locus, should be able to undergo 
isotype switch and somatic mutation after antigenic stimu- 
lation. To test this, hybridomas from three keyhole limpet 
hemocyanin (KLH)-immunized sd-tg mice were analyzed. 
These hybridomas can be divided into two groups (see 
below), one that retains the 3H9 sd-tg (3H9 tg+) and one 
that has lost the 3H9 sd-tg (3H9 tg-). Table 1 summarizes 
the binding characteristics of these hybrids. More than 
half of the hybrids of either the 3H9 tg+ or the 3H9 tg- 
group show KLH-binding activity. This indicates that the 
3HQencoded receptors can respond to KLH and that the 
high frequency of 3H9 tg- cells is not necessarily due to 
selection for KLH binding. In addition, the majority of the 
3H9 tg+ hybrids (54%) produce antibodies of IgG isotype 
and sequence analysis of a number of 3H9 tg+ IgG antibod- 
ies revealed many somatic point mutations (Figure 2, an 
average of 4.0 mutations per sequence). These results 
show that the sitedirected 3H9 transgene behaves nor- 
mally in response to antigen, in agreement with results 
obtained in T15 sd-tg (Taki et al., 1993). 
The 3H9 H chain plays a dominant role in DNA binding 
(Radic et al., 1991), yet only a few of 3H9 tg+ monoclonal 
antibodies bind dsDNA (Table 1). On the other hand, large 
numbers of ssDNA binding B cells are identified among 
3H9 tg+ B cells (65%). A similar distribution was found in 
conventional 3H9 transgenics (Erikson et al., 1991). This 
was interpreted to mean that B cells expressing anti- 
dsDNA receptors were purged from the repertoire by dele- 
Gln Val Gin Leu Gln Gin Ser Gly Pro Glu Le" Val LyS Pro Gly Ala Ser Val Lys Ile Ser Cue Lys Val Ser Gly ',,T Ala Phe Ser 
3H9 CAG G',T CAA CR3 CAG CAG TGT GGA CCT GAG C'FG GE AAG CCT GGG GCC TCA G'IT AN2 ATT 'KC 'EC AA0 GT'I TCT GOC TAT KA TIC AGT 
83-13 -- -__ . . . -__ .-. -__ --- ___ __. --- --- ___ _-- --- --- ___ --- --_ ___ _-- --_ _._ ___ _-. _.. 
83-89 
72-15 --- _-- _-- --- _-. --- __. -.- --- --_ . . . --- --- --- .__ --- --- ___ _-- --_ ___ __- --_ .__ 
-CDRl CDR2 
ser ser Trp Met Asn np va1 Lys Glr! Arg PI0 my l,ys GlY Ix" GlU Trp Ile cay Arg Ile Tyr Pro *rg Asp cay nsp 1le an Tyr 
3H9 AGC WC TX An: AAC TGG GE AI\G CAG KG CCT GGA AAG GGT CTT GAG TGG ATT GGA CGG ATT TAT CCT AGA GAT GGA GAT ATT AAT TAC 
Gin 
83-13 --- .-- --_ --- --_ __- ---f C-.. _-- --- -_. --- --_ _.. --- --- _.. --- --- ___ --- --- -._ --- --- --. --- --- --_ --- 
83-14 ___ --- --- --c --- --c ._- --- --- __. --- --- ._- --- --_ ___ --- --. ___ --- --. __- 
83-45 --T --- --- --- --- _-- --- --. _-- --- --- --- --- ~.. --- --- .~~ --- --- --. --- --- -._ --- --- --. _-- --- -_- --T 
Ala 
83-89 --- --- -_. --- --- -.. --- --- _~- --- --- ~-- --- --- ~_- --- --- .._ --- --- _-- --- --_ --- --- -C- __- --- -__ --- 
IE" Se= HIS 
72-15 --- --- -.. ~~- --- -.. T-- --- _._ --T --- ___ --- --- .._ --- --- .__ --- --- --- --- -__ --- --- _-_ c-- --- __- --- 
Figure 2. Nucleotide and Deduced Amino Acid Sequences of the 3H9 VH Gene in IgG-Secreting Hybridomas Derived from KLH-Immunized 
sd-tg Mice 
The sd-tg hybridoma sequences are compared with the sriginal3H9 VH sequence (Shlomchik et al., 1990) and identities are indicated with dashes. 
Sequences not determined are indicated by blank spaces. The CD!+ are defined according to Kabat et al. (1991). The potential heptamers and 
the putative nonamer are shown in italics and underlined. 
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tion or had undergone receptor editing at the K L chain 
locus (Radic et al., 1993). 6 cells specific for .ssDNA (de- 
tected in 52% of the hybrids) were functionally inactivated 
or anergized (Erikson et al., 1991). The close similarity in 
anti-DNA expression between conventional 3H9 trans- 
genie and sd-tg suggests that anti-DNA B cells are nega- 
tively regulated in 3H9 sd-tg mice as well. An additional 
mechanism by which anti-dsDNA antibodies are elimi- 
nated from these sd-tg mice could be transgene replace- 
ment by upstream VII genes. The following experiments 
are designed to investigate this possibility. 
Secondary Rearrangement In the Targeted 
IgH Allele 
We directed our analysis to the targeted allele by taking 
advantage of the unique nucleotide sequence in CDR3. 
This region of 3H9 is unusual in that the V-D junction 
is highly diverse with enormous degree of nucleotide 
deletion and N addition. Genomic DNA from individual 
hybrids was examined with a PCA assay using primers 
situated within the 3H9 leader (LD) and CDRB regions. 
Successful amplification by these primers indicates the 
presence of the complete 3H9 VH gene, whereas failure to 
amplify suggests a disruption of the 3H9 sd-tg somewhere 
between leader and CDR3. As shown in Figure 3, most 
of the hybrids (69%) did not amplify with LDICDR3. To 
localize the site of disruption, genomic DNA was amplified 
with the 3H9 CDR2 and CDR3 primers. All the hybrids 
that were negative for LDICDR3 PCR are also found to 
be negative in this CDRP-CDR3 PCR assay (Figure 3). 
This means that 3H9 was truncated at a site(s) 3’of CDRP 
and 5’of CDRB primers. Deletion beyond CDR3 is unlikely. 
The sequences downstream of CDR3NH4 in our construct 
are identical to the germline IgH locus. Recombination 
within or beyond rearranged J”4 is not ordinarily observed. 
Given that truncation occurs in the CDRP-CDR3 region, 
we searched this region for potential recombination sites. 
Based on the finding by Kleinfield et al. (1966; Kleinfield 
and Weigert, 1969) that a heptamer embedded at the 3’ 
end of most VH genes can mediate VH recombination, we 
first searched for heptamer-like sequences. Two se- 
quences were identified (Figure 2). One heptamer, CA- 
CACTG, at the beginning of framework 3, differs from 
the heptamer 3’of D genes, CACAGTG, by 1 nt. The other, 
TTCTGTG, is 5 nt from the 3’ end of the VH, the location 
of the conserved VH heptamer. This heptamer differs from 
the conserved heptamer and the heptamer flanking D 
genes at the 5’side, TACTGTG, by 1 nt. These heptamers 
are potential recombination sites for 3H9 editing by VH 
replacement. However, we need to consider other forms 
of recombination because of the special organization of 
the targeted locus. Whereas Dn genes between VH and 
JH loci are ordinarily deleted in the process of VDJ recombi- 
nation (Figure 4A), the 3H9 sd-tg retains most Dn gene 
segments. Thus, we must consider three possible replace- 
ment events (summarized in Figure 48). First, DH-to-VDJ. 
This event involves recombination between the 3’D”signal 
and the 3H9 Vn internal heptamer; second, Vn-to-DH-VDJ. 
Further recombination between the VI+ signal and the 5’ 
po,*tivc lccanon Of primen 
Figure 3. PCR Analysis of Hybridomas from the 3H9 sd-tg Mice 
Hybridomas are the same as in Table 1. PCR assays and the primers 
were described in Experimental Procedures. Locations of each pair 
of primers are shown on the right. Schematic drawings of the targeted 
allele (top) and the nontargeted allele (bottom) are also shown. Hybrids 
that tested negative in LD/CDR3 PCR are abbreviated as 3H9 tg- and 
hybrids that tested positive in LD/CDRS PCR as 3H9 tg’. Number sign 
indicates hybridomas from a third mouse were not included in this 
PCR. A single asterisk indicates a number that is an underestimate, 
because the D&’ primer will not amplify rearrangements involving all 
of the DSPP or DFL16.2 gene segments. A double asterisk indicates 
that the negative samples probably result from the inability of the FWI 
primer to amplify all the VH genes. A tarot indicates that this pair of 
primers amplifies J+t and JH3 rearrangements but not Jnl or JH2, since 
Jnl is too far away and JH2 is shared by the fusion partner SP2/0 cells. 
These data therefore underestimate the frequency of incomplete 
D-4 rearrangements. 
DH signal of the already rearranged DH gene would give 
rise to this type of VH replacement; third, Vti-to-VDJ. This 
would be accomplished by direct recombination between 
a VH signal and the embedded VH heptamer. 
We first tested for D&o-VDJ rearrangement by a PCR 
with a forward primer complementary to the 5’ flanking 
region of most D segments (DSPP and DFL16.1) and a 
reverse primer to the 3H9 CDR3. Of 146 hybrids tested, 
14 gave a specific D&-CDR3 band (see Figure 3). Of the 
14 hybrids, 12 were sequenced after PCR amplification. 
All of the rearrangements involve a DH rearrangement to 
the 3’ heptamer (Figure 5A). Although perhaps peculiar 
to this locus, D,., invasion nevertheless reflects ongoing 
recombination. As such, it shares features with V(D)J re- 
arrangement. The D-V junctions have both nucleotide de- 
letions and de novo base additions. In this regard, the 
junctional diversity resembles that observed in the D-to- 
VDJ recombination in T15 sd-tg (Taki et al., 1995). The 
invasion event is deletional, since the neo gene is lost in 
all of the 3H9 tg- hybrids (data not shown). 
The rest of the 3H9 tg- hybrids (66%-90%) are likely 
to have undergone either VH-to-DH-VDJ or VH-to-VDJ re- 
arrangement. Since both predicted rearrangements in- 
volve VH genes, we designed a PCR with a degenerate 
VH FWl primer and the 3H9 CDR3 primer. Most of the 
samples tested gave an amplification band of the expected 
VDJ size (Figure 3). A number of these were sequenced 
and they are of two types. Hybrids 63-47, 6342, 6349, 
72-14, and 72-67 have the form VDDJ (Figure 58) aconse- 
quence of sequential rearrangements of D-to-VDJ and 
V-to-D-VDJ. Hybrids 63-3, 73-43, and 63-103 appear to 
be the V,,-to-VDJ type rearrangement (Figure 58). This 
type of replacement is analogous to those observed in 
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Figure 4. Schematic Representation of Re- 
combination at the Wild-Type and theTargeted 
Alleles 
(A) The wild-type IgH locus and the completely 
rearranged VDJ. Rearrangement depicted by 
arrow 1 results in a DJ product. Subsequent 
V to DJ rearrangement (arrow 2) results in a 
completely rearranged VW. Note that the in- 
tervening D segments are deleted. 
(8) Three possible rearrangement events on 
the targeted IgH locus and their products. Re- 
arrangement via (1) generates the D+VDJ in- 
vasion. Additional V+D-VDJ rearrangement 
via (2) could make a functional Vn gene. Re 
arrangement via (3) gives rise to the V+VDJ 
product. V, D, J, and Cu gene segments are 
shown as boxes. The 12 bp spacer heptamer- 
nonamer signals are indicated by open trian- 
gles and the 23 bp spacer signals are closed 
triangles. The heptamer signal embedded at 
the 3’end of 3H9 Vn gene is shown as a shaded 
triangle. 
CDR3 
GCG AGG Am AAA TAT TCC TAT 
D segment RF 
DSP2.5 1 
DFL16.1 3 
DSP2.5 3 
DSP2.Y 3 
DSP2.Y 2 
DSP2.5 3 
DSP2.7 3 
DSP2.6 3 
DSP2.5 3 
DFL16.1 2 
DSP2.5 1 
DSPZ.? 1 
DSP2.8 1 
CDR3 DH VH 
GCG AGG AGT AAA TAT TCC TAT segment family 
83.47 .-- _-- --_ ~._ -.. .._ GGG GGA ATT G ACG CT CCC CTC GGG AGC GA - --- _-- ___ --_ --- DFL16.2 5558 
83-42 --- --T -A- --- --- --c GCC TAT GGT MC m GTG -- DSP2.5 5558 
83-49 . . e-T -A- --_ -G- -__ WT ATG ATT KC GGG --- --- --- -._ ___ AGA --A DSP2.2 5558 
72-14 AGG --- -A- --- --C --- NNC TGG TAT TAC ATT TAC GGT AGT ACC AGA --~ ~-- --- --- --- --- --- DFL16.1 Q52 
72-87 --- --T -A- --- --- --- GGG AGG GGG CCA m GGA -- DSP2 NA 
83-3 --- ___ _-_ _-- --- G-- CTG T --- 5558 
73-43 . . . e-T -A- ___ .-G GT- CTG NA 
83-103 . . . -TT --- --- -_- __- GJ$, m C _- __- -c- --- --- -.. ___ NA 
Figure 5. Nucleotide Sequences of the Recombinational Junctions 
(A) D+VDJ joints. The top line contains the 3H9 VDJ junction sequence with the 3’end heptamer shown in italics and the D sequence underlined. 
Each V-VDJ joint contains a 3’ Dn heptamer (italics), a Dn sequence (underlined), and an N sequence. Sequence identities to 3H9 are denoted 
by dashes. The Ok segments and the reading frames (RF) are indicated on the right. 
(8) V+D-VDJ and V+VDJ joints. 0” sequences (undertined) are determined by identifying at least a 4 nt identity to a known 0” segment. The 
non-D”, non3H9 sequences are considered as N sequences. To avoid sequencing perplexity by VDJ transcripts from the nontargeted allele, 
hybrids with an incomplete D-JH rearrangement on the allele were chosen for sequencing analysis. The Vn sequences are assigned to a known 
VH family when they have more than 80% nucleotide sequence identity. NA, not assignable to a known gene family due to insufficient sequence 
information. The high proportion of the J558 family genes may result from the use of the 3H9 FWl primer for sequencing some of the samples. 
rearranged VH genes of cell lines in that they involve the 
3’heptamer (Kleinfield et al., 1988). However, in cell lines, 
replacement was restricted to immediate neighbors and 
often did not generate diversity at the junction of the re- 
arrangement (Kleinfield et al., 1986). Here, we show that 
in vivo VII replacement produces considerable junctional 
diversity due to N addition and deletion. Also, far-distal 
VH genes such as members of the J558 family can replace 
the 3H9, indicating that a broad range of VH genes can 
participate in VH replacement. 
Allelic Exclusion 
Expression of productively rearranged immunoglobulin 
genes is thought to inhibit further immunoglobulin gene 
rearrangement and expression (Storb, 1987; Nussen- 
zweig et al., 1987). Is such allelic exclusion manifested in 
3H9 sd-tg? To address this question, we examined the 
rearrangement status of the nontargeted allele in 3H9 tg+ 
hybrids. Two PCR assays were performed. One, with prim- 
ers upstream of JH1 (JHIUP), amplifies a sequence that 
is deleted during D-J rearrangements. Thus, a JHIUP 
product defines agermline allele. The other, with a degen- 
erate D,, 5’ primer and a JH4 primer, amplifies most of the 
D-J rearrangements. As shown in Figure 3, 34% of the 
3H9 tg+ hybrids have the nontargeted allele in the germline 
configuration, and 21% have a D-J,, rearrangement. The 
latter frequency underestimates D-J rearrangements be- 
cause the DH5’/JH4 primers do not detect J,.,l (too far away) 
and JH2 rearrangements are obscured by D-J,.,2 re- 
arrangement of the fusion partner (SP2/0). If the four JH 
genes are equally distributed (Gu et al., 1990) then at least 
40% of the cells would be estimated to have incomplete 
D-J rearrangements. Both the germline and the D-J con- 
figurations represent allelic exclusion, because uninhib- 
ited rearrangement would have led to complete VDJ. 
These results thus demonstrate efficient allelic exclusion 
by sd-tg 3H9 VI.I gene. 
Discussion 
L chain editing is an active process in transgenic mice 
whose transgenes code for autoantibodies (Tiegs et al., 
1993; Radic et al., 1993; Gay et al., 1993; Chen et al., 
1994). The extent to which editing contributes to self- 
tolerance in ordinary mice is as yet unmeasured, but the 
organization of L chain genes is well suited for this pur- 
pose: rearranged VK genes are usually flanked by unre- 
arranged VK and JK gene segments that can act as 
substrates for secondary rearrangement. In addition, re- 
arranged K genes can be deleted. Yet deletion of K is not 
fatal to the B cell because the second L chain isotype, h, 
is available to take its place. Rearranged H chains can 
also undergo secondary rearrangement as seen in trans- 
formed B cell lines(Kleinfield et al., 1986; Reth et al., 1986; 
Kleinfield and Weigert, 1989). Again, an important role for 
such Vn replacement is suggested because the recombi- 
nation sequence that mediates the replacement event is 
highly conserved throughout VH genes. Such replacement 
would be desirable since certain VH regions are known 
to contribute dominantly to an autospecificity (Radic and 
Weigert, 1994). These two features dictated our choice of 
the 3H9 VH for the sd-tg model: this VH has the embedded 
heptamer and contributes to specificity for DNA with little 
regard for the L chain. 
The present analysisof B cells from the3H9sd-tg mouse 
shows that this VH is subject to secondary rearrangement. 
Three types of VH replacement were observed, one of 
which is analogous to the VH replacement found in cell 
lines. This study thus demonstrates that secondary re- 
arrangement can and does indeed occur in vivo. We must 
however use caution in interpreting this result to mean 
editing. The sd-tg mouse is unusual in the sense that B 
cells arise with a fully formed functional H chain. If recom- 
binases are turned on in B cells without regard to the status 
of the H chain locus, then VH replacement might proceed 
as if the 3H9 were simply a substrate for H chain recombi- 
nation, perhaps in a manner akin to partial DJ re- 
arrangements. We do not believe this is the case because 
the 3H9 sd-tg does in fact inhibit rearrangement at the H 
locus. This is evidenced by the high frequencies of the 
germline configuration and partial rearrangements of the 
untargeted allele. In the sd-tg, 34% of the 3H9 tg+ hybrids 
are germline on the untargeted allele and most of the re- 
arranged examples are incomplete. Such germline or in- 
complete alleles are unexpected unless the 3H9 provides 
a signal that terminates H chain rearrangement. Thus, we 
favor the idea that the secondary recombinants seen in 
the 3H9 tg- class of B cells are the result of editing. 
Editing might be initiated by expression of anti-DNA anti- 
bodies on the B cell surface. In our sd-tg model, every B 
cell is pm&quipped with the 3H9 H chain and we estimate 
that about 60% of the endogenous K repertoire sustains 
DNA binding with this VH (Ibrahim et al., 1995). Thus, at 
least 60% of the B cells expressing the preimmune reper- 
toire of the 3H9 sd-tg are candidates for editing due to 
self-reactivity. Indeed, 70% of the hybrids are 3H9 tg-, of 
which 40% are the V-to-VDJ type. Thus, at least 25% of 
the B cells revised their receptors by the VH replacement 
mechanism. This high frequency of H chain editing may 
be exaggerated in the 3H9 sd-tg due to the high frequency 
of self-reactive cells. But is this really unusual? It has been 
shown that JH-proximal VH genes are preferentially re- 
arranged and are thereby overrepresented (Yancopoulos 
et al., 1984). Moreover, these V,., genes are also thought 
to contribute to self-reactivity (Coutinho et al., 1992). Thus, 
there appears to be a parallel between the repertoire de- 
velopment in normal and sd-tg mice. This parallel may in 
fact extend to the mechanism by which a biased repertoire 
isdiversified. Vgene replacement of the JH proximal genes 
by upstream VH genes would serve to randomize the reper- 
toire. In previous studies on cell lines, we showed that 
replacement involved V genes immediately upstream of 
the recipient VDJ. This suggested that proximity may play 
a role in replacement; for example, by local activation of 
germline Vn genes through the IgH enhancer. However, 
here far-distal VH genes such as members of the J558 
family can replace the 3H9. This process may be activated 
by self-reactivity and editing may indeed be the driving 
force in diversification of the VH repertoire. 
Both V-to-VDJ and D-to-VDJ recombination show simi- 
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larities and differences with normal VDJ recombination. 
One similarity is that the junctions of the insertions have 
both deletions and de novo base additions. These N addi- 
tions imply that the insertions occur early, since the en- 
zyme (TdT) thought to be responsible for N addition (Ko- 
mori et al., 1993; Gilfillan et al., 1993) is active at the pre-6 
stage (Li et al., 1993). It appears to be in conflict with the 
notion of receptor editing. However, editing may reactivate 
TdT. A difference is that VI+ replacement and V(D)J recom- 
bination use different recombination signals. VH replace- 
ment or D invasion occurs at an isolated heptamer, 
whereas V(D)J seems to require heptamer and nonamer 
with the appropriate spacer length. That the embedded 
heptamer is highly conserved points to its importance, an 
argument whose strength is the same as that forthe impor- 
tance of heptamer plus nonamer. Indeed, the heptamer 
in 3H9 is just 1 nt different from the heptamer originally 
defined by Kleinfield et al. (1986). This study now raises 
the question of whether the isolated heptamer is really 
sufficient as a substrate for recombination. This question 
is prompted by the specificity of the rearrangement site. 
Even though other heptamers are to be found in the 3H9 
VH, only the 3’ heptamer is used. Originally, we had in- 
spected V,, sequences for the characteristic nonamer se- 
quence and failed to find it upstream of the heptamer 
(Kleinfield et al., 1966). Now we have searched VH genes 
for the presence of any conserved nonamers. To our sur- 
prise, we found the highly conserved nonamer, TCTGAG- 
GAC, exactly 12 bp 5’of the heptamer. No such conserved 
nonamers were found 23 bp upstream of the heptamer or 
anywhere else in VH genes. As shown in Table 2, the major- 
ity of VH genes in each family have this nonamer. Although 
this nonamer is not complementary to the conventional 
V- or D-associated nonamer it is unclear whether pairing 
between nonamers (heptamers, or both) is even an inter- 
mediate or requirement. Based on the conservation of this 
heptamer/nonamer, this combination may represent an 
important unrecognized recombination signal and may be 
the one that specifically directs VH replacement. 
The specificity for the 3’ heptamer is not seen for OH 
recombination to T15 VH (Taki ‘et al., 1995). Here, two 
different heptamer-like sequences (GTATGTG and TGG- 
AGTG) were used instead, even though the 3’ heptamer 
(and other heptamer-like sequences) are available. We do 
not believe that we are missing such inactivating re- 
arrangements involving other potential signal sequences 
Table 2. Freauencv of Embedded HeotamedNonamer in VH Families 
Nonamer Heptamer Vn family Number of samples 
TCT GAG GAC 
(-T--w----) 
(,.-G-----m) 
(-----C---) 
( - - -  ___ --A) 
(-A------T) 
(C-- --A--A) 
(AA- ___ ---) 
(--m-G- -me) 
ACT GAT GAC 
(-T- --- e-e) 
(--- -CA--T) 
(G--,&,-m--) 
GCT GAG GAC 
(A------.-) 
(C-- --- ---) 
(T-e ___ -em) 
(AT-------) 
ACT GAG GAC 
(-..c--- ---) 
(--A----..-) 
(C-.. --- ---) 
TCT GAG GAC 
(-em ___ --A) 
(em. -G-m--) 
(e-e --A-..-) 
TCT GAG GAC 
(G--e----) 
GCT GAA GAC 
(-T- --- -me) 
(T-e------) 
(88%) TAC TGT G (67%) J558 450 
(m-T ___ .) 
(-T- _.. ..) 
(76%) 
(65%) 
TAC TGT G (95%) 
(e-T ___ -) 
(-T- ___ -) 
TAC TGT G (99%) 
(e-T ___ ..) 
052 
s107 
115 
100 
PW TAC TGT G (97%) 36-60 76 
(C-- ___ -) 
(-T- ___ -) 
(96%) TAC TGT G (93%) 7183 75 
(m-T ___ -) 
(-T- ___ -) 
(96%) TAC TGT G uww X24 30 
(77%) TAC TGT G (63%) J606 27 
(--- --c -) 
(---A-C -) 
The Vn nucleotide sequences available from the GeneBank were searched for the conserved nonamer and heptamer signal sequences. The 
nonamer sequence represents codons 84-86 and the heptamer is found in codons 91-93. The percentages of the most frequently observed 
sequences in each Vn family are shown next to the sequence. Total numbers of Vn sequences searched in each family are listed on the right. 
lmmunily 
754 
because D-to-VDJ rearrangements are readily detected 
in our system. The difference may lie either in the effi- 
ciency of a given recombination signal sequence or in the 
mechanism of recombination. If the 5’ heptamer-like se- 
quences are much more efficient than the 3’ heptamer, 
then in T15 these would be preferentially used. But since 
3H9 VH does not contain these heptamer-like sequences, 
it may be forced to use the less efficient 3’heptamer. Alter- 
natively, the specificity of the VH may determine how 
rearrangement is mediated. Editing of an autoreactive an- 
tibody by VH replacement may involve a different recombi- 
nation mechanism than that for the inactivation of a VH 
gene from a nonautoreactive antibody. 
primers used are as follows: 3H9 LD and CDR3 primers, described 
previously(Erikson et al., 1991). CDR2 primer, S%GGAAlTATCCTA- 
GAGATGGAGJ’. Dn5’ primer, 5%ATGTCTCAAAGCACAATGCC- 
TGGC-3’. Degenerate FWI primer, 5’-(GC)AGGT(GT)CAGCTG(GC)- 
AGTCTGGS’. JHl upstream primers, S%CCAAGGAClTACCA- 
AGAGG-3’ and 5’-GATGCAGGACTCACCTGACC3’. Jn4 primer, 5’- 
GAGGAGACGGTGACTGAGGITC-3’. 
Sequence Analysis 
Se&nclng of H Chaln mRNA 
Total RNA was isolated from hybridomas and cDNA was synthesized 
using a primer specific for IgGl/lgG2a,lgG2b constant regions (5” 
GGACAGGGATCCAGAGTTCC-3’). The cDNA was amplified by PCR 
using thesame lgGl/lgG2a,lgG2b primer and either aM9 FWI primer 
(5’-CAGGlTCAACTGCAGCAGTC-3’) or the degenerate Vn FWl 
primer described above. The PCR products were gel purified and se- 
quenced using the dsDNA cycle sequencing method described by 
the manufacturer (Life Technologies, Incorporated, Gaithersburg, 
Maryland). 
Sequencing of D-VDJ Jolnlng Region 
Genomic DNA was amplified with the D”5’ primer (see above) and 
J-C intron primer (5’-ClTCTCTCAGCCGGCTCCCTC-3’), which is 
about 100 bp downstream of Jn4. The PCR products were purified 
and sequenced as above. 
ExPerimental Procedures 
Construction of Targeting Vector 
The 3H9 VDJ coding sequence was derived from an MRUlpr hybrid- 
oma that produces an anti-DNA antibody. This VDJ was joined to the 
Cp region as described previously (Erikson et al., 1991). The 3H9VDJ- 
Cp construct was then joined to the PGK-neo (Soriano et al., 1991) 
(agiftfrom Dr. A. Bradley, Baylor Collegeof Medicine, Houston, Texas) 
and PGK-t/r (Chen et al., 1993) (a gift from Dr. D. Huszar, GenPharm, 
California) genes on either end. A 1.5 kb Hindlll-Xhol fragment up- 
stream of the DQ52 gene was liberated from the EcoRl JH clone (Sa- 
kano et al., 1981) (provided by Dr. H. Sakano, University of California, 
Berkeley, California) and joined to PGK-neo as the 5’ homologous 
arm (Figure IA). 
Generation of Targeted ES Cell Lines 
The targeting vector was linearized by Notl digestion and transfected 
into E14-1 ES cells (Zou et al., 1993) byelectroporation. ES cell culture 
was carried out as described previously (Luning Prak and Weigert, 
1995). In brief, ES cells were cultured on an embryonic fibroblast layer 
in DMEM plus 15% fetal calf serum, LIF, 200 pglml G418 (GIBCO 
BRL, Gaithersburg, Maryland), 2 WM gancyclovir (Cytovene, Syntex 
Laboratories, Palo Alto, California). ES cell colonies were picked and 
lysed after 1 O-1 2 days in culture. Cell lysates were screened for homol- 
ogous recombination events by PCR primers specific for the genomic 
sequence upstream of the targeting vector @‘-ATCTACATAGCTAGA- 
GAGCTAGAGG-3’) and for the neo gene (L’-GCATCGATTGTCTGAG- 
TAGGTGTCA-3’). Positive colonies were expanded and genomic DNA 
was purified and digested. Southern blot was performed as described 
(Chen et al., 1994) to confirm the site of insertion (Figure IB). 
Hybrldoma Generation 
Heterozygous mice (El2 weeks old) were immunized twice with 100 
wg KLH (Fluka, Ronkonkoma. New York) in complete Freund’s adju- 
vant subcutaneously over a 14 day interval. KLH (100 Kg) in PBS was 
injected intraperitoneally 3 days before fusion. Spleen cells from the 
immunized mice were fused to SP2/0 myeloma cells using established 
procedures(Chen et al., 1994). Monoclonal hybridomas that produced 
antibody were saved for further analysis. 
Enxyme-Linked lmmunosorbent Assay 
Binding to KLH and the isotypes of the antibodies were determined by 
a direct-binding enzyme-linked immunosorbent assay. In brief, plates 
were coated with KLH or goat-anti-mouse immunoglobulin (Fisher, 
Pittsburgh, Pennsylvania) and supernatants from individual hybrids 
were added. Binding was detected by further incubation with goat 
anti-mouse IgM, IgG, or IgA coupled to alkaline phosphatase and de- 
velopment with alkaline phosphatase substrate. Binding to ssDNA and 
dsDNA was measured by a two-step solution phase enzyme-linked 
immunosorbent assay as previously described (Chen et al., 1994). 
PCR Assays on Hybridoma DNA 
Genomic DNA was prepared as described (Luning Prak et al., 1994). 
DNA (100 ng) was used in each reaction. For each set of primers, 
the PCR conditions have been titrated to obtain the best results. The 
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